Permeability is one of the major performances for recycled aggregate concrete, which affects the durability and service life of concrete structures. In most cases, the main factor affecting the permeability of recycled aggregate concrete is the pore structure. Considering water-cement ratio, replacement rate of recycled aggregates, waste fiber length, and volume fraction of waste fibers as the design variables, pore structure and gas permeability were studied experimentally. In addition, fractal theory was here used to assess the pore structure of waste fiber recycled concrete and study the effects of pore structure on permeability. The results showed that the pore size distribution had a small impact on the permeability with the water-cement ratio and replacement rate of recycled aggregates increasing. The fractal dimension can be used to describe the complexity of the pore structure quantitatively. There is an obvious linear relationship between fractal dimension and gas permeability. The larger the pore volume fractal dimension, the better the impermeability of waste fiber recycled concrete.
INTRODUCTION 
The application of recycled concrete is one of the measures to develop green architecture and to realize the coordinated development of the construction industry, natural resources, and environment. Recycled concrete not only solves the problem of construction waste but also can reduce the exploitation of natural stone, thus slowing the deterioration of the ecological environment [1, 2] . Studies have shown that the mechanical property and durability of recycled concrete are inferior to ordinary concrete [3 -5] , which restricts the popularization and application of recycled concrete in practical engineering to a certain extent. The addition of fiber can improve the physical properties of recycled concrete and act as a bridging role when cracks occur in the concrete matrix [6, 7] . The additions of various kinds of fiber can improve the mechanical properties and control the cracking processes of the recycled concrete [8, 9] . The mechanical properties of recycled concrete components can be optimized by the addition of waste fibers in a reasonable amount [10 -12] . Waste fiber recycled concrete is a type of green concrete that can realize the reuse of waste fibers and construction wastes. It not only promotes the application of recycled concrete but is also essential for the protection of the ecological environment.
Durability is one of the important properties that must be studied, because it has a critical influence on the service life of the concrete structure. Mehta et al. [13] pointed out that the greatest impact on the durability of concrete was permeability. Permeability of concrete is the ability of gas penetration, liquid diffusion or ion migration when in the action of pressure, chemical potential or electric field, and the ability of erosion resistance of various media [14] . Studies have shown that the applications of recycled aggregates in concrete exist in the problem of durability. According to the experimental results of Kou et al. [15] , the impermeability of recycled concrete was lower than that of ordinary concrete with the same ratio. Kwan et al. [16] reported that recycled aggregate concrete exhibited low intrinsic permeability when 80% of the total coarse aggregate was replaced by recycled coarse aggregate. At the same time, Evangelista et al. [17] pointed out that water permeability, capillary absorption, and chloride diffusion of concrete increased with the increase of the replacement ratio of fine recycled aggregate.
Permeability is one of the basic properties of porous materials, reflecting the size, quantity, distribution, and connectivity of the pores and channels in the material. There is an intuitionistic relationship between permeability and pore size distribution in concrete [18 -20] . The incorporation of polypropylene fibers increased porosity and permeability of conventional concrete were reported in reference [21] , polypropylene fibers ranged from 0 to 0.1 %, 0.3 %, and 0.5 % by volume of concrete. The permeability of recycled concrete showed a close correlation with porosity, air diffusivity, and water absorption [22] . The pore structure of concrete can be used to predict the performance of concrete in various ways, including the permeability of the concrete [23] .
The pore structure of concrete is complicated and disordered, and traditional parameters cannot describe its complexity. The fractal theory proposed by Mandelbrot [24] is an important branch of nonlinear science, which is used to describe irregular phenomena and behaviors in nature. Fractal theory quantitatively represents the complexity of material as the fractal dimension. Concrete exhibits a series of fractal characteristics, both in the material itself and in the course of its work [25 -27] . Pape et al. [28] indicated that the permeability information was theoretically founded on a fractal model for the internal structure of a porous medium. The fractal model was sufficiently flexible and applicable over a wide range of porosities. In summary, only a few studies of the pore structure and permeability of fiber recycled concrete have been performed.
In this study, the pore structure and permeability of waste fiber recycled concrete were studied by mercury intrusion porosimetry (MIP) test, scanning electron microscope (SEM) test and gas permeability test. The pore structure of waste fiber recycled concrete and the relationship between the pore structure and permeability were analyzed by fractal theory. The research results provide a theoretical basis for the study of durability of waste fiber recycled concrete.
EXPERIMENTAL

Materials
The cement used in this study was ordinary Portland cement (P.O42.5). The fine aggregate was natural river sand with a fineness modulus of 2.7. There were two kinds of coarse aggregate, one of which was natural aggregates (RA) and the other was recycled aggregates (CA). The recycled aggregates were obtained from abandoned reinforced concrete beams that were 1 year in age. The properties of the coarse aggregates were tested according to GB/T 50081 (Chinese standard) and the physical properties are shown in Table 1 . The average compressive strength of the original concrete was 40MPa. Waste fibers came from abandoned carpets, the chemical composition of the waste fibers was polypropylene, physical properties are listed in Table 1 and the preparation of waste fibers are described in Fig. 1 . 
Mixture proportions
10 cubic specimens (150 × 150 × 150 mm) were prepared for the test. The design variables of the experiment were water-cement ratio (0.45, 0.5, 0.55), replacement rate of recycled aggregates (0 %, 50 %, 100 %), waste fiber length (12 mm, 19 mm, 30 mm) and volume percent (0 %, 0.08 %, 0.12 %, 0.16 %). The water used in the experiment was divided into two parts: free water and additional water. As shown in Table 2 and references [2, 5, 10] . The function of free water was hydration reaction with cement, while the additional water was to reduce the influence of the large water absorption of recycled coarse aggregates on the compressive strength. The mixture proportions of the waste fiber recycled concrete and compressive strength are given in Table 2 . Compressive strength was determined according to the GB/T 50081 (Chinese Standard).
Methods
Specimen preparation
To prepare the waste fiber recycled concrete, aggregates (natural gravels and recycled coarse aggregates) and waste fibers were mixed for 2 min in a concrete blender, and then the cement and water were added and stirred at low speed for 2 -3 min to achieve good workability. The preparation method made the waste fibers disperse uniformly to ensure the uniformity and strength of waste fiber recycled concrete [10] . All the specimens were cured for 28 d in the curing room, where the relative humidity was no less than 95 % and the temperature was 20 ± 2 °C.
Mercury intrusion porosimetry (MIP) test
There are several methods that are usually used to assess the pore structure of the concrete [29] . The MIP technique is simple, quick to perform, and covers a wide range of pore diameters. The porosity of recycled concrete is different from that of ordinary concrete due to the adhered mortar present in recycled aggregates [30] . Many studies [31 -34] have used the MIP technique to investigate the influence of recycled aggregates on the pore size distribution of concrete.
In this study, the Micrometrics Auto Pore Ⅳ 9500 manufactured by Micron Instruments was selected for the pore structure measurement. Maximum pressure value was 228 MPa, and the measured pore size ranged from 5 nm to 360.000 nm. The test of MIP was conducted according to ISO 15901-1. Specimen size for MIP test was 3 -5 mm, and two samples were taken for parallel experiments in each group. In order to reduce the effect of heterogeneity of recycled concrete, the mortar samples were tested, and the sampling method from references [31, 32] was used. Each specimen was placed in a jar and hydration was stopped with absolute alcohol. The samples were dried in a drying oven at 105 °C for 24 h and cooled to room temperature.
Scanning electron microscope (SEM) test
SEM tests were carried out by S-4800 scanning electron microscope. All specimens were taken from the center of the cube test blocks.
Permeability test
The Torrent Tester Breathable Tester (see Fig. 2 ) was used to create a vacuum environment on top of 150 × 150 × 150 mm cubic specimens. The gas flow on the surface of the specimen enters the internal vacuum plug, which ensures the tightness of the test sample surface by maintaining equal pressure inside and outside the two vacuum plugs. The gas permeability coefficient KT, and the gas penetration depth L, of the concrete were determined by testing the pressure difference Δp, before and after the permeability of the concrete sample. The permeability test was carried out according to GB/T 50081 (Chinese Standard).
Fig. 2. Torrent tester breathable tester
RESULTS AND DISCUSSION
Pore structure of waste fiber recycled concrete
According to the research results of Wu [19] , the pore structure of waste fiber recycled concrete is divided into four categories: harmless pore (r  20 nm), less harmful pore (20 < r  100 nm), harmful pore (100 < r  200 nm), and more harmful pore (r > 200 nm). Mehta [13] pointed out that pores of r > 100 nm have the greatest impact on the permeability of concrete. These pores are larger diameter capillary pores and are mainly formed by insufficient vibration or the process of hydration, which are controlled pores. The pores of r  100 nm are capillary pores and micro-porous, which are unevenly distributed under each aperture, due to the complexity of the microcosmic reaction process. The pore size distribution of waste fiber recycled concrete is listed in Table 3 . It can be seen from Table 3 that with the increase of water-cement ratio and replacement rate of recycled aggregates, the waste fiber length decreased, and the pore size distribution had less influence on the permeability (r  100). With the increase of fiber volume fraction, the pore size distribution law of the pores r  100 increased first and then decreased, which indicates that there is an optimum fiber volume fraction of waste fiber recycled concrete. The mercury increment and the cumulative amount of mercury are presented in Fig. 3 . Table 3 and Fig. 3 a show that the water-cement ratio has the greatest influence on the aperture. In Fig. 3 b, the accumulated mercury of SJ-3 is the largest and the proportion of pores r > 100 nm is 60.33 %, which is 1.92 and 1.10 times those of the mixtures with water-cement ratios of 0.45 and 0.5, respectively. Due to the high hydration degree of cement particles in concrete with larger water-cement ratio, the pore size of concrete increases, thus increasing the probability of the harmful pore and the more harmful pore.
The recycled coarse aggregates are detrimental to the pore structure due to its initial damage. In Table 3 and Fig. 3 b, the cumulative mercury amount of SJ-5 with recycled aggregate replacement rate of 100 % was the largest and the pores of r > 100 nm accounted for 62.02 %.
According to Table 3 and Fig. 3 c, the cumulative amount of mercury decreased as the length of waste fibers increased. The addition of fibers can refine the harmful pore and the more harmful pore in waste fiber recycled concrete to a certain extent.
With the increase of the volume fraction of waste fibers, the cumulative amount of mercury decreased first and then increased (see Table 3 and Fig. 3 d) . The optimum substitution content of waste fiber in this study was 0.12 %, which is the same conclusion as in references [10, 11] . The mercury cumulative amount of SJ-10 was nearly 1.36 times that of SJ-9. Because of the excessive amount of fibers, dispersion was difficult during the preparation of concrete and thus weak areas formed. The volume fraction of waste fiber had a greater effect on the pore structure than the fiber length.
In this study, Menger's model [24] was employed to analyze the fractal characteristics of the pore structures in waste fiber recycled concrete cement pastes. The fractal dimension D is related to the complexity of the pore structure in the spatial distribution. In general, higher D means more complex volume micro-detail, otherwise, the pore structures are relatively simple. At the same time, the larger the fractal dimension, the better the density of concrete and the higher the performance. The fractal dimension D can be obtained Eq. 1 [24] 3 lg( / )/ lg( )
Where V is the volume of mercury intake at all levels of pressure, r is the corresponding aperture. According to the date of MIP test, there is a liner relationship between log(dV/dr) and log(dr), moreover, the correlation R is not less than 0.96. The fractal dimension of pore volume is obtained through the slope of the straight line. The fractal dimensions D of the specimens are presented in Fig. 4 Fig. 4 . The pore volume fractal dimension Fig. 5 shows the curve of gas permeability coefficient KT and gas penetration depth L varying with the design variables. The gas permeability coefficient is directly proportional to the gas penetration depth, and one of them can be used to judge the permeability of waste fiber recycled concrete.
Permeability of waste fiber recycled concrete
In Fig. 5 a, with the decrease of water-cement ratio, the gas permeability coefficient KT and gas penetration depth L of waste fiber recycled concrete show a downward trend. The increase in cement content was accompanied by a decrease in water-cement ratio. The Ca(OH)2 in the hydration product can fill the pores and increase roughness. In addition, the low water-cement ratio can improve the strength of recycled concrete, narrow the elastic modulus gap between the cement and recycled aggregate, and the recycled concrete will be more compact.
As is shown, gas permeability coefficient KT and gas penetration depth L rose with the increase of the amount of recycled aggregates (see Fig. 5 b and Fig. 6 ). The old mortar was attached to the recycled aggregate and formed an interface transition zone with the new cement stone. From the SEM test of recycled concrete (see Fig. 6 ), it can be seen that the Ca(OH)2 in the interface transition zone is perpendicular to the surface of the aggregate and grows outward, and the concrete can see obvious micro-cracks at the interface between the aggregate and the cement before the load is loaded, and the crack first appears at the interface and is easily extend along the interface transition zone to the cement base. This interface transition zone became the gas permeation channel due to poor adhesion. Therefore, addition of recycled aggregate reduces the permeability of recycled fiber concrete. With the increase of fiber length, gas permeability coefficient KT and gas penetration depth L of waste fiber recycled concrete decreased. When fiber length increased from 19 mm to 30 mm, the rate of decline in gas infiltration parameter slowed down. With the increase of volume fraction of waste fiber, the curves first decreased and then increased (see Fig. 5 d and Fig. 7 ). In Fig. 7 , fibers are wrapped in cement paste, and the addition of fibers can improve the impermeability of recycled fiber reinforced concrete. The main reason is that a large number of waste fibers evenly distributed in recycled concrete can play a role of crack resistance and refine the role of pore structure. It reduces the formation of through cracks and harmful large holes. The proper amount of waste fiber can block up the previously connected capillary pores, so that the airflow is obstructed in the waste fiber recycled concrete matrix, thus improving the impermeability. 
The relationship between pore structure and permeability
The study in section 3.1 showed that the pore volume fractal dimension can be used to characterize the pore structure of waste fiber recycled concrete. Pore volume fractal dimensions and permeability parameters were fitted to study the relationship between pore structure and permeability, and the results are given in Fig. 8 and Fig. 9 . Fig. 8 and Fig. 9 indicate that there is a correlation between pore volume fractal dimension and gas permeability coefficient. The greater the permeability coefficient, the deeper the depth of penetration and the smaller the fractal dimension of the corresponding pore volume. The relationship between them can be described as follows
where Pc is the permeability parameter; α and β are constants and listed in Table 4 . It can be seen from Table 4 that there is a linear relationship between pore volume fractal dimension and parameters of gas permeability coefficient, and the correlation coefficients are greater than 0.9. The fractal dimension of pore volume is closely related to its compactness, and the coarser the concrete structure, the larger the fractal dimension. Therefore, the pore structure of recycled fiber concrete affects the permeability, which is consistent with references [18, 23] . According to pore volume fractal dimension, the impermeability of waste fiber recycled concrete can be judged intuitively.
CONCLUSIONS
The addition of waste fibers can improve the pore structure and permeability of recycled concrete to a certain extent. The conclusions from this study provide a reference for further research and application of this type of green recycled concrete. The following conclusions were drawn from this study.
With the increase of water-cement ratio and replacement rate of recycled aggregate, the waste fiber length decreased, and the influence of pore size distribution on permeability (r ≤ 100) was reduced. When the volume content of waste fibers is 0.12 %, the improvement of pore structure is the most favorable. The volume fraction of waste fiber has a greater effect on the pore structure than the fiber length. The addition of waste fibers can refine the harmful pore to improve the pore structure of the waste fiber recycled concrete.
As the water-cement ratio and recycled aggregate replacement rate increased, so does the permeability of waste fiber recycled concrete. The proper amount of waste fibers can block previously connected capillary pores, so that the airflow is obstructed in the waste fiber recycled concrete matrix, thus improving the impermeability.
The pore volume fractal dimension is between 2 and 3, and it can be used to quantify the complexity of the pore structure. The fractal dimension of waste fiber recycled concrete is linearly related to gas permeability parameter, and the correlation coefficient is above 0.9. The permeability is mainly affected by the pore structure, and the larger the fractal dimension, the lower the permeability. 
